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ABSTRACT OF THE THESIS
BROADBAND RF CURRENT DETECTOR
George Cabrera
Florida International University, 1994
The problems to be solved in this thesis were 1) development of a
broadband RF preamplifier to be used with non-ferrous current probes so
that the amplified signal exceeds the errors due to cable pickup, no
detection is needed in this application, and 2) development of a self-
contained device that amplifies and detects the output from a non-
ferrous current probe, providing a digital readout of the current. These
instruments have been completed and are being tested for use by the
National Institutes of Occupational Safety and Health (NIOSH). The self-
contained current meter operates at frequencies up to 600 MHz, and
detects currents as low as 8 mA . At these current magnitudes, the probe
(pick-up coil) will output a voltage of 500pV (-53 dBm on 502) which will
have to be raised above 0 dBm. The final circuit uses a RF mixer as a
variable attenuator in order to increase the dynamic range, two
Monolithic Microwave Integrated Circuits (MMIC) for preamplification, a
final broadband amplifier to raise the output compression point, a
iv
Schottky diode detector, a sample and hold circuit, and a liquid crystal
digital panel meter.
v
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1. Introduction
1.1 Electromagnetic Hazards and the Need for Dosimeters.
There is a growing interest, by the general public (Foster, 1992;
Jauchem, 1993) as well as by engineers and other professionals (Albanese
et a., 1994; Gochfeld, 1990; Goodman et a/., 1993; Guy, 1992; Repacholi,
1990; Tenforde, 1992; Wilkening et a/., 1990; Yost, 1992), in the possible
hazards from exposure to electromagnetic radiation. Popular books such
as "The Zapping of America" (Brodeur, 1977), "Currents of Death"
(Brodeur, 1989), and "The Great Power-line Cover-Up" (Brodeur, 1993)
appear to have increased the public concern. Furthermore, while
guidelines limiting human exposure have been established by numerous
governmental agencies (e.g. Canada, 1979; Commonwealth of
Massachusetts, 1983; World Health Organization, 1981) and private groups
(e.g. ACGIH, 1988; ANSI C95.1, 1982; IEEE, 1992; IRPA, 1984; NRPB, 1986),
the specialists have not yet reached a full consensus and their
disagreement is evident from the differences in these various standards.
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While the exact effects of low-level exposure on the human body
are yet unknown, it is certain that the absorption of electromagnetic
energy can heat tissues (thermal effects) and that intense fields can also
cause shock and burn. Guidelines for human exposure which were made
by the IEEE (IEEE, 1992) are based on the known hazards of heating
(Cabanac, 1983; Mumford, 1969; Schwan et a., 1980; Stolwijk, 1983), shock
(Chatterjee et al., 1986; Dalziel et a., 1950; Dalziel et a., 1969), and burn
(Dalziel et a., 1969; Rogers, 1981), and do not seriously consider the
possible but as yet unquantified effects of low-level exposure (Adey et a.,
1982; Albert et a., 1981; Anderson, 1993; Baranski et a., 1976; Bawin et a.,
1977; Blackman et at., 1985; Chou et at., 1982; Cleary, 1993; Foster et at.,
1974; Frey, 1971; Frey et at., 1983; Froehlich, 1975; Grundler et at., 1977;
Jensh, 1984; Lin, 1980; Lords et a., 1973; Marg, 1991; Pressman, 1970; Sher,
1963; Taylor, 1981).
There are fundamental problems in determining the effects of
exposure of the human body to low-level electromagnetic fields. For
example, epidemiological studies in which the incidence of various
diseases is correlated with possible environmental factors are
complicated by the difficulty in quantifying the long-term exposure of
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people to electromagnetic fields (Anderson, 1991; Garland et a/., 1990;
Hamburger et a., 1983; Hendee et a., 1994; Kallen et at., 1982; Lamarine
et a., 1992; Lancranjan et at., 1975; Lester et a., 1982; Loomis et a., 1994;
Milham, 1982; Muhm, 1992; Neutra, 1992; Schnorr et al., 1991; Schreiber et
al., 1993; Shaw et al., 1993; Tabrah et a., 1991; Vena et al., 1991; Walsh et
a/., 1991). Furthermore, practical considerations make it difficult to
conduct an animal study having a duration much greater than one
month, and it is hard to justify extrapolating the available results of the
relatively short-term animal studies to the lifetime exposure of humans to
low-level electromagnetic fields (Abhold et at., 1981; Adair et at., 1985;
Chou et a., 1983; Guy et a., 1980; Smialowicz et a., 1981).
The guidelines for human exposure which were made by the IEEE
Standards Coordinating Committee 28 (IEEE, 1992) suggest that the
hazards due to heating of the human body should be quantified by
determining the SAR (specific absorption rate, in Watts per kilogram of
body mass), (Justesen, 1975). These guidelines further state that the
hazards due to shock and burn should be evaluated by determining the
current flowing through the human body. An upper limit of 0.4 W/kg was
chosen as the working basis for setting limits of the MPE (maximum
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permitted exposure, values of electric field, magnetic field, and
equivalent power density to which a human may be exposed). Thus, an
upper limit for the SAR is specified, but since there is no noninvasive means
for determining the SAR (Tell, 1990) the MPE may be overly restrictive in
some cases and may provide insufficient protection in others (Gandhi et
a/., 1985). The limit of 0.4 W/kg and the tables of MPE in the guidelines
have been used to compare the results of numerical simulations (Durney,
1980; Hagmann et a/., 1979A; Hagmann et a/., 1979B), invasive thermal
measurements with animals (Krupp, 1983), and thermal measurements
with figurines made of tissue-simulating materials (Gandhi, 1975; Guy, 1971;
Guy et a/., 1976; Olsen eta/., 1989).
The IEEE guidelines for human exposure (IEEE, 1992) also specify
upper limits for the foot current (measured between the feet and ground)
and the contact current (measured between the hand and a
conducting object), but no limits are given for the currents elsewhere in
the human body because the technology for noninvasive measurements
of body current were not considered by the IEEE Standards Coordinating
Committee. Separate guidelines are given for controlled environments
(where people are aware of the potential for exposure or passage is
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transitory) and uncontrolled environments (where people may have no
knowledge or control of their exposure). For uncontrolled environments
the MPE for induced and contact RF currents at frequencies from 3 to 100
kHz is specified as 450 f mA measured through either foot of through either
hand, and as a total of 900 f mA through both feet, where f is the
frequency in MHz. At frequencies from 100 kHz to 100 MHz the MPE is
specified as 45 mA through either foot or either hand, and as 90 mA
through both feet. For controlled environments the MPE at frequencies
from 3 to 100 kHz is specified as 1,000 f mA measured through either foot
of through either hand, and as 2,000 f mA through both feet. At
frequencies from 100 kHz to 100 MHz the MPE is specified as 100 mA
through either foot or either hand, and as 200 mA through both feet. All
current values are given as rms.
A summary of typical values for the current induced in human
subjects may help to put the MPE values in perspective. For example, an
adult human exposed to a vertically polarized plane wave at 40 MHz has
a foot current as large as 13 mA per V/m in the incident field (Gandhi et
a/., 1986). Measured values of the foot currents in workers using RF sealers
are as large as 330 mA (Gandhi et a/., 1986). Personnel exposed to a 100
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kV/m Electromagnetic Pulse simulator (EMP, simulating the intense fields
generated by a nuclear detonation) from a vertical dipole source have a
peak current as high as 500 A in the legs (Guy, 1989). Despite the large
value, due to the short duration of the EMP it has been observed that a
peak current of 10 A in the arm may cause no sensation, and 100 A
produces only a slight tingling sensation in the hand (Gronhaug, 1986).
There is a need for a means of characterizing the exposure of
humans to electromagnetic fields in various settings. That is, a device like
the dosimeters that are generally used with ionizing radiation. At present
there are field probes that may be used to measure the strength of
electric and magnetic fields at radio frequencies (AsIan, 1971; Bassen;
1983; Green, 1975; Herman eta/., 1980; Rudge et a/., 1970). Thus, the fields
incident on the human body may be measured. However, the transfer
function relating these incident fields to the fields induced in the human
body is quite complex, and depends on the frequency, polarization, and
distance of the source, as well as the height, build and posture of the
human subject (Durney et a., 1986; Gandhi et a., 1985; Hagmann et a.,
1979A; Hagmann et a/., 1979B). The MPE in the IEEE guidelines are
estimated limits for electric field, magnetic field, and equivalent power
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density such that the SAR at will not exceed 0.4 W/kg at any point in the
human body. However, due to the extreme variability of the transfer
function, the incident fields are not an accurate predictor of a potential
hazard and so it appears that the MPE values may be overly restrictive in
some cases and may provide insufficient protection in others (Gandhi et
a., 1985).
While it appears that a dosimeter is required in order to determine
human exposure to electromagnetic fields, it is known that even the
invasive measurement of SAR is difficult because conventional
thermometry is incompatible with strong RF fields. For example, RF
currents induced in a temperature probe can cause an erratic response
by the readout electronics, and can also cause ohmic heating of the
probe, thus changing the SAR and causing burns if the probe is
implanted in tissue. Several types of temperature probes have been
designed that are compatible with RF fields. These include 1) a
thermocouple with high impedance leads (Bowman, 1976), 2) color
changes in a liquid crystal (Johnson et a/, 1975), 3) a fiber-optic probe
based on the temperature dependence of the attenuation of light in a
semiconductor (Christensen, 1977; Rozzell et a., 1974; Windhorn et a.,
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1979), and 4) fiber-optic "fluoroptic" probes based on the temperature
dependence of the emission of light by phosphors (Giallorenzi et a/., 1986;
Kolodner et a/., 1983; Wickersheim, 1990). These RF-compatible
temperature probes have been implanted in animal models for
determining the SAR, and in human subjects exposed to electromagnetic
fields for therapy, but it would not be practical to use invasive
thermometry for routine dosimetry with humans.
1.2 Previous use of RF Current Measurements for Dosimetry.
It has been suggested that measurements of the RF current at a
point of contact with the human body, either between the feet and a
ground plane (Chatterjee et a/., 1986; Gandhi et a/., 1986; Hill et a/., 1985)
or at another point of contact such as the hand (Chatterjee et al., 1986;
Stuchly et a/., 1991), could be used as the basis for human dosimetry.
Instruments for dosimetry that are based on this principle have been
patented (Gandhi, 1987), and are presently sold by two different
manufacturers (Holaday Industries Inc., Eden Prairie, MN; Loral Microwave-
Narda, Hauppauge, NY). It was already mentioned in this thesis that the
IEEE guidelines for human exposure (IEEE, 1992) specify upper limits for
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these currents as well as for the SAR. These limits are below measurements
of the threshold currents for perception (Chatterjee et a/., 1986), and are
considerably less than the values causing painful shocks (Chatterjee et a/.,
1986; Dalziel et a., 1950; Dalziel et al., 1969), and burns (Dalziel et a., 1969;
Rogers, 1981). Furthermore, the value of the SAR near the point where the
current is measured could be estimated by calculating the RF power
using the measured current with known values for the dielectric properties
of human tissues (Stoy et a., 1982). Indeed, there is some evidence that
for frequencies below 50 MHz the greatest value of the SAR may occur in
the lower leg, near where the foot current would be measured (Gandhi
et a., 1985).
Measurements were made using the stand-on current probes
produced by both Holaday Industries Inc. and Loral Microwave-Narda
with human subjects exposed to RF fields in an anechoic chamber at
Brooks Air Force Base, Texas (Hagmann, 1994). These tests showed that 1)
both of these probes act as antennas, responding to RF fields with
erroneous current readings when there is no human subject, 2) both
probes are unreliable when the human subjects stand on a wood floor
instead of on a large metal ground plane, and 3) while the probes are
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rated for use at frequencies up to 100 MHz, the readings do not correlate
with true values of the current except when the frequency is at or below
60 MHz and the human subjects stand on a large metal ground plane.
The observed failure of these current probes at frequencies above 60 MHz
makes them unsuitable for use at commercial FM facilities. Furthermore,
the requirement that the subject must be standing on a large metal
ground plane makes the stand-on current probes inappropriate for use in
most common industrial settings where the floor may be made of wood or
concrete. Numerical simulations (Hagmann et a/., 1979A; Hagmann et a/.,
1979B) have shown that for frequencies less than 200 MHz, when a human
subject is standing on a ground plane, the total foot current generally
exceeds that at any location within the human body. However, when
the subject is not in contact with the ground plane, the current at the
base of the feet is null. These results may be understood by using antenna
theory to model the human as a monopole antenna at the ground
plane, and as a dipole above the ground plane, respectively. Thus, the
stand-on current probes could not be used with human subjects on
wooden scaffolds, climbing antennas, or in other situations in which the
subject would not be in contact with ground. All of the current probes
that measure only the current at a point of contact with the human body
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fail to indicate values of the current at other points within the body which
may be more significant regarding potential hazards (e.g. organs such as
the heart, etc.) and this is especially objectionable when the subject is not
in contact with ground.
1.3 Previous use of Ferrous Current Probes for Dosimetry.
Ferrous current probes have been used to determine the current
induced in the limbs of human subjects exposed to both CW (Blackwell,
1990) and pulsed EM sources (Gronhaug, 1986; Gronhaug, 1988), and
they have suggested that these probes may be used for dosimetery.
Ferrous current probes suitable for measurements over a wide range of
frequencies (20 Hz to 1 GHz) are available commercially (e.g. Eaton
Corporation, Los Angeles, CA; EG&G Inc., Albuquerque, NM; Pearson
Electronics Inc., Palo Alto, CA; TEGAM Inc., Geneva, OH). These
instruments (Miller 1986; Ricketts et a/., 1976), which may be considered to
be an extension of the clamp-on ammeters in common usage at power
frequencies, are toroidal transformers which must be placed so that the
circular opening (the window or aperture of the probe) is around the
object in which the current is to be measured. The current passing through
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the aperture acts as the primary circuit for the transformer, and a small
secondary winding serves as the output port which is connected to an
oscilloscope or other readout device (see Appendix I). Thus, unlike the
stand-on and other types of contact current probes, the ferrous current
probes may be used to measure the current at various points within the
human body, and are also usable for measurements in a person that is
not in contact with ground.
While ferrous current probes may be used at frequencies up to 1
GHz, the maximum usable size for the probe window varies inversely with
frequency. For example, commercial probes that are usable to 100 MHz
have a maximum aperture diameter of 12.7 cm which could
accommodate the human ankle or forearm. Probes that are usable to 1
GHz have a maximum aperture diameter of 3.8 cm (TEGAM Inc.,
Geneva, OH) which could only accommodate a finger. The size limitation,
which is fundamental to ferrous current probes, is due to the requirement
that the length of the ferrous toroid must be much less than a
wavelength. A further difficulty with ferrous current probes is that they
perturb the circuit in which they are used by introducing an insertion
impedance. It has been shown by both calculations and measurements
12
(Hagmann et a., 1993) that these perturbations may cause significant
errors in measuring the RF currents induced in the human body. The
reactive component of the insertion impedance is unusually large when
ferrous current probes are used in dosimetry because a large fraction of
the aperture is filled, rather than a single wire. Furthermore, while others
have suggested that ferrous current probes may be used for human
dosimetry (Blackwell, 1990; Gronhaug, 1986; Gronhaug, 1988), the weight
of these probes (about 3.6 kg for an ankle-sized probe) would make it
impractical to wear them during daily activities.
1.4 Previous use of Non-Ferrous Current Probes for Dosimetry.
Non-ferrous toroidal current probes have also been used to
measure RF currents (Baum et a., 1978; Hagmann et a., 1993). As with the
ferrous probes, non-ferrous toroidal current probes also act as
transformers in which the current-carrying element which is placed in the
aperture acts as the primary circuit (see Appendix II). Thus, unlike the
stand-on and other types of contact current probes, both ferrous and
non-ferrous current probes may be used to measure the current at various
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points within the human body, and are also usable for measurements in a
person that is not in contact with ground.
Non-ferrous current probes have a number of advantages relative
to the ferrous current probes. 1) The maximum aperture diameter for a
non-ferrous probe may be several times greater than that for a ferrous
current probe designed to be used at the same frequency (Hagmann et
a/., 1993). This difference is attributed to the increased velocity of
propagation on the toroid due to the lower value of relative permeability.
2) It has been shown by both calculations and measurements (Hagmann
et a., 1993) that errors due to perturbation of the circuit by insertion
impedance are much less for non-ferrous probes. This difference may be
understood in that the added inductance is decreased due to the lower
value of relative permeability. 3) The non-ferrous current probes are
inherently more accurate because the sensitivity is proportional to the
permeability of free space, which is a fundamental constant, instead of
the permeability of the ferrous core. 4) The non-ferrous current probes are
much simpler to construct so they should be less expensive, whereas the
ferrous current probes typically cost from $2,000-$3,000. Finally, the non-
ferrous current probes have much lower weight, which is essential in order
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for a dosimeter to be worn and carried. The disadvantages of the non-
ferrous current probes are that 1) the sensitivity is lower due to the
decreased value of mutual inductance, and 2) the winding of the
secondary (output) coil must be evenly distributed over the full length of
the toroid (see Appendix II) so this coil must be resistively loaded (Typical
value of 30 kQ) in order to limit the effects of coil resonances on the
flatness of the frequency response. The loading could also be
accomplished by adding a shunt conductance to the coil, but a series
resistance is preferred in order to further reduce perturbations by insertion
impedance.
Professors Hagmann and Babij developed non-ferrous toroidal
current probes at Florida International University during the period from
1986-1991, and these instruments were the first inventions to be patented
at the University (Hagmann et a., 1990A; Hagmann et a., 1990B). A
typical probe designed to measure currents induced in the human thigh is
contained within a toroidal aluminum shield that has an inner diameter
(aperture diameter) of 22 cm, an outer diameter of 30 cm, and a height
of 5 cm. Inside the shield there is a coil with 200 turns of resistive line,
having a total resistance of 33.2 kM, that is wound evenly over the full
15
length of a Plexiglas toroidal core having a diameter of 1.9 cm and a
radius of curvature of 13.0 cm.
The equations in Appendix II may be used to determine the open-
circuit (unloaded) response of the non-ferrous current probes at low
frequencies. Being careful to allow for the thickness of the resistive line
when calculating the area of the winding, the mutual inductance
between the coil winding and a current passing through the aperture
would be approximately 100 nH, and the magnitude of the transfer
impedance (the ratio of the output from the probe, the potential
measured across the resistive coil, to the current) would be approximately
0.63 me/MHz. We have measured a mutual impedance of 300 pH 4 12
% in the frequency range of 1 to 200 MHz, with no substantial roll-off in
sensitivity until the frequency exceeds 250-300 MHz. This corresponds to a
transfer impedance (the ratio of the output from the probe, the potential
measured across the resistive coil, to the current) of 1.90 mW/MHz 12 %
over the frequency range of 1 to 200 MHz. The measured values are
within 1 % of the theoretical values when corrected for voltage division
by the output load (one 5052 load on each terminal of the winding)
relative to the winding resistance. The observed proportionality of the
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transfer impedance to the frequency, required by Faraday's law of
induction, may be corrected by adding an integrator to provide a flat
response from 1 to 200 MHz.
By comparison, the model 94606-2 current probe (Eaton
Corporation, Los Angeles, CA) which appears to be the commercially
available ferrous current probe having the largest aperture size (12.8 cm
diameter, accommodating only a human ankle). Ferrous current probes
typically contain an RC integrating circuit in order to provide a frequency
response that is relatively flat. This probe has a transfer impedance of 1.0
Q 20 % in the frequency range from 300 kHz to 70 MHz, with
appreciable oscillations at frequencies over 100 MHz and appreciable
roll-off at frequencies below 100 kHz. These values confirm, as already
noted in this thesis, that the non-ferrous current probes have the
advantage that they may be several times larger in diameter than a
ferrous current probe designed to be used at the same frequency.
However, these values also confirm that the non-ferrous probes have a
lower sensitivity due to decreased mutual impedance due to the lower
value of relative permeability.
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Non-ferrous probes constructed at Florida International University,
which were similar to the current probe already described which was
designed to measure currents induced in the human thigh, were used
successfully to measure the currents induced in the arms and legs of
human subjects exposed to the fields of Electromagnetic Pulse (EMP)
simulators. Measurements were made at the Air Force Los Alamos
Laboratory Electromagnetic Pulse Calibration and Simulation (ALECS)
facility, and the Navy EMPRESS I installation (Hagmann, 1993). At each of
these test facilities a RF/optical transducer was connected directly to
each non-ferrous current probe, and a fiber optic data link was used to
connect to the A/D converters in the main-frame computer used for data
analysis. The current was measured as a function of time with a usable
bandwidth exceeding the 200 MHz limit of the current probe.
In all of the EMP tests the non-ferrous current probes were found to
have negligible readings when no current-carrying element was present
within the aperture, even in field strengths of 50 kV/m. Furthermore, when
non-ferrous current probes were placed on vertical pipe, acting as an
antenna, the current readings agreed with the ferrous probes that are
conventionally used (Miller, 1986; Ricketts et a/., 1976) in EMP testing. By
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contrast, tests made at the EMP facilities with stand-on current probes
showed that they had large null readings (erroneous outputs due to
interference when there was no conductor on the platform), and the
indicated currents were not consistent with ferrous probes when the
stand-on and ferrous probes were placed on the same antenna
(Hagmann, 1993).
1.5 Difficulties in using Non-Ferrous Current Probes.
Tests of the non-ferrous probes have not been as successful when a
fiber-optic data link was not available. For example, open field tests were
made using the non-ferrous probes with a man-sized phantom at the
Naval Aerospace Medical Laboratory (NAMRL) in Pensacola, Florida. In
these tests the phantom was positioned to stand on a metal ground
plane a distance of 1 m from a 10 m vertical monopole antenna, and a
power of 1 KW at 29.9 MHz was fed to the antenna. Good agreement
was found between thermally-determined values of SAR in the phantom
and values of SAR calculated using the measured currents with the known
dielectric properties of the phantom. However, usable current readings
were only obtained after a full day of adjusting the shielding and
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grounding of cables connecting the non-ferrous current probes to an
oscilloscope used for readout.
Hyperthermia, the therapeutic use of heat, has shown promise as
an adjuvant to radiotherapy in the treatment of cancer (Charny et a.,
1987; Gottlieb et a., 1990). However, when RF heating is used for
hyperthermia, there are often aberrant effects in which excessive heating
in unintended regions of the body may pose a danger to the patient
(Hagmann et at., 1986). The non-ferrous current probes were tested with
human subjects during hyperthermia treatments at the University of Utah
Medical Center. However, a fiber-optic data link was not available for
these tests so it was necessary to use coaxial cables to connect the
probes to an oscilloscope located outside the screen room that was used
for patient treatment. In this application it was not possible to eliminate
cable pickup, or to separate the cable pickup from the signal generated
by the current probe, so reliable current readings could not be obtained
in the clinical tests.
Cable pickup is a common problem with ferrous current probes as
well as other devices when they are used in an RF field, but the errors
caused by cable pickup are more serious with the non-ferrous current
probes. This is because, due to the relatively low sensitivity of the non-
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ferrous current probes, the output signal is quite weak (often only a few 
millivolts} and so that the signal may have a smaller magnitude than that 
of the error signal that is added due to cable pickup. Various techniques 
that are commonly used to reduce cable pickup (Morrison, 1986} were 
tried, such as the changing the orientation of the cable, using double-
shielded cable, ferrite-loaded cable, absorber-covered cable, shielded 
balanced line, or cable continuously connected to a ground plane. 
However, each of these techniques been found to provide inadequate 
protection when the non-ferrous probes are used in RF fields. 
1 .6 Statement of the Problem to be Solved in this Thesis. 
The problem to be solved in this thesis is that of developing a means 
for reducing or eliminating the effects of cable pickup so that non-ferrous 
current probes may be used as dosimeters in order to determine the 
current induced in humans exposed to electromagnetic fields. The two 
approaches that were used in order to accomplish this task are as follows: 
A. Development of a preamplifier to be attached to a non-ferrous 
current probe in order to provide sufficient amplification so that the 
amplified signal exceeds the errors added to the signal due to cable 
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pickup. The input signal to this circuit could be as low as -53 dBm, and
should be amplifed 20 dB, to deliver an output voltage in the mV range.
A broadband balun transformer is needed followed by an small-signal
amplifier.
B. Development of a self-contained device that amplifies and
detects the output from a non-ferrous current probe and provides an
indication of the current with a readout device such as a digital meter.
Again, a broadband balun transformer is used, but in this case followed
by two stages of small-signal amplification, and a medium power
amplifier as the output stage. This output stage, which requires linearity at
levels around +10 dBm, is finally designed using the PHILIPS RF transistor
BFQ-34T. This output signal is detected using a SCHOTKY diode, and a DC
circuitry, consisting of a DC amplifier, peak detector and a sample and
hold, conditions the DC signal for the LCD read-out.
The details for the solution of these tasks are described in the
following chapters of this thesis.
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2. Development of a Preamplifier for Non-Ferrous Probes.
A preamplifier was developed that may be attached directly to a
non-ferrous current probe in order to provide sufficient amplification so
that the amplified signal exceeds the errors added to the signal due to
cable pickup. The non-ferrous current probe used with this preamplifier
has a transfer impedance of 1.90 mQ/MHz 12% over a frequency range
of 50 to 200 MHz. That is, at a frequency of 50 MHz, a current of 5 mA will
cause the probe to have an output of approximately 500 pV across a 50
Q load, corresponding to a power of -53 dBm. The design objective for
the preamplifier was to bring this power to -33 dBm, or 5 mV across 50 n,
so a gain of 20 dB is required. The requirements for the preamplifer are 1)
an overall power gain > 20 dB, 2) a usable bandwidth of 50 to 200 MHz, 3)
compatibility with the balanced 50 Q output of the current probe, and 4)
low power consumption.
The schematic for the preamplifier is shown in Fig. 1. A balun 1:1
transmission line transformer is used to couple the non-ferrous current
probe to the circuit. The balun is followed by one stage of MMIC
(Microwave Monolithic Integrated Circuit) amplification using a MAR-6
23
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(Mini-Circuits, Brooklyn, New York). The balun, which had the same design
as the balun used later in the self-contained current meter, is described in
section 3.2 of this thesis.
The characteristics of the MAR-6 MMIC are 1) power gain of 20 dB,
2) output compression point of 0 dBm, 3) bandwidth of DC to 2 GHz, and
4) a noise figure of 3 dB (at 500 MHz and 25 *C ). The internal structure of
the MAR series of MMIC amplifiers are Darlington-connected transistor
pairs, each with resistive feedback and resistive biasing. The internal
resistive networks prematch both the input and output to 50 S, so no
separate matching sections are needed. It was only necessary to add
bias circuitry, input and output DC-blocking capacitors, and embedded
in microstriplines as close as 50 S2 as possible. The circuit is powered with a
9 Volt battery, was shielded in a box and attached to the non-ferrous
current probe.
The measured sensitivity of the non-ferrous current probe with the
preamplifier are shown in Fig. 2. At frequencies of 60 MHz and higher the
effective transfer impedance of the probe/preamplifier combination
exceeds 1 2, which is typical of ferrous current probes, and consistent
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with the observation that the cable pickup could be neglected (as it is
with ferrous current probes) during field tests.
The probe/preamplifier combination was used successfully in tests
with human subjects exposed to RF fields in an anechoic chamber at
Brooks Air Force Base, Texas (Hagmann, 1994). Ferrous current probes, as
well as other non-ferrous current probes and stand-on current probes,
were compared in these measurements. A length of approximately 8
meters of coaxial cable was required to connect each ferrous and non-
ferrous current probe, as well as electric and magnetic field sensors, to RF
feedthroughs mounted on the wall of the chamber. Thus, readings could
be made using an external oscilloscope and other devices.
Measurements were made at frequencies of 60, 100, 150 and 200 MHz,
both with and without a ground plane. The probe/preamplifier/cable/
oscilloscope combination typically gave a signal with no human subject
(a signal caused by cable pickup) that was approximately 5 to 10 % of
that when currents in the human body were measured. Thus, the
amplification was great enough that the signal could be measured. In
general, there was fairly good agreement between measurements with
the ferrous and non-ferrous current probes. For example, current
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readings taken on the ankle with the Eaton model 94606-2 ferrous current
probe described in section 1.4 of this thesis were generally within 20 % of
the values obtained using the probe/preamplifier/cable/oscilloscope
combination.
As was previously mentioned in section 1.2 of this thesis,
measurements were also made using the stand-on current probes
produced by both Holaday Industries Inc. and Loral Microwave-Narda
with human subjects exposed to RF fields in an anechoic chamber
(Hagmann, 1994). These studies showed that both probes often give
erroneous current readings when there is no human subject, and are
unreliable unless the human subject is standing on a large metal ground
plane, and the frequency is 60 MHz or less. For example, at 100 MHz the
Holaday probe gave readings that were typically 4 to 5 times those with
the ferrous and non-ferrous current probes.
3. Development of a Self-Contained Current Meter.
3.1 Introduction
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A self-contained instrument that amplifies and detects the output
from a current probe, and provides an indication of the current with a
readout device (e.g. a digital meter) would have several advantages
relative to the probe/preamplifier combination. With the latter system, it is
necessary to use a cable to connect the probe/preamplifier combination
to an oscilloscope or other readout device, and the cable causes errors
by perturbing the RF fields in the region of measurement. Either the
readout device must be modified so that it is shielded (Morrison, 1986), or
else the cable must be long enough such that the readout device may
be located where the fields are weak and will not interfere with the
readout. There are many applications in which there is no null field region
in which the readout apparatus may be located. The self-contained
device has the additional advantage in that it would be immune to cable
pickup since there would be no cable.
Blackwell was the first to describe a self-contained current meter
that may be worn on the human body to measure the RF current induced
in a mobile human subject (Blackwell, 1990). His circuit is based on a
ferrous current probe that is large enough to be placed around the ankle,
and can read currents in the range of 8 to 100 mA at frequencies from
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100 kHz to 80 MHz. The output from the ferrous current probe is fed to a
current transformer, a RF peak detector using a Schottky diode, an
amplifier which uses a method described earlier (Grebenkemper, 1987) to
compensate for nonlinearity of the detector, zero-setting circuitry, and
finally a digital panel meter.
The first self-contained current meter that was constructed for this
thesis was designed for measurements at frequencies in the AM
broadcast band. While we prefer to use non-ferrous current probes, a
ferrous current probe was required for this application in order to have
adequate sensitivity at the lower frequencies (0.5 to 1.6 MHz). The current
meter was based on an Eaton model 94606-2 ferrous current probe
having a measured transfer impedance of 1.0 Q 20 % in the frequency
range from 300 kHz to 70 MHz. A battery-powered amplifier and
detection circuit with an analog panel meter were housed in a small
shielded box connected directly to the ferrous current probe.
The amplifier for this self-contained current meter was designed to
provide much greater sensitivity than the device that was described by
Blackwell (Blackwell, 1990) because high sensitivity is often necessary to
30
determine the actual values of the currents when there are complaints
due to human exposure. The meter has three ranges, the most sensitive
requiring 160 pA for full scale deflection of the analog panel meter, which
permits detecting a current of 16 pA at 1/10 of full scale. This instrument
provides 500 times the sensitivity of the circuit by Blackwell (8 mA).
The schematics for the self-contained amplifier and detection
circuit is shown in Fig. 3. The circuit consists of two stage of amplification,
the first amplifier consists of a 2N3563 transistor biased in common emitter
configuration. The voltage gain of this stage is
AV g-- m )-RO ~ ~-2T+ gmRE) RE
The second stage was designed around a Darlington transistor to match
the relatively high output impedance of Q2 and the low impedance of
the detector. The voltage gain of this stage is 16, for an overall voltage
gain of 336.
Because the frequency of operation is low, a germanium diode was
selected as the detector. Finally, a DC amplifier with a gain of 5 isolates
the detector load from the meter. Measurements of the sensitivity of the
circuit at 1.0 MHz are shown in Figs.4 and 5. As shown in the schematic,
there are three scales, with different sensitivities. Scale 1 is the most
31
sensitive, and Scale 3 is the least sensitive. The calibrations in Figs. 4 and 5
are for scales 2 and 3, respectively. Scale 1 was not fully calibrated
because its extremely high sensitivity was not needed for this application.
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The battery-powered amplifier and detection circuit shown in Fig. 3
differs from that used by Blackwell (Blackwell, 1990) in that he used the
detector diode in its non-linear region (square law), and corrected for the
nonlinearity in the DC path, by using a second diode in the feedback. The
circuit which was constructed for this thesis avoids this complication
because, due to amplification before the diode, the diode is operated in
the linear region, so that compensation is not required.
Dr. David Conover and Dr. Gene Moss of NIOSH requested that this
low frequency meter be used to measure the currents induced in
personnel at an AM radio station where the employees had complained
about possible hazards. The measurements were made and a description
of the results is contained in Appendix IlIl of this thesis.
In accordance with the statement of the problem to be solved in
this thesis, it was necessary to develop a self-contained device, similar to
that made by Blackwell (Blackwell, 1990), but based on a non-ferrous
current probe. From section 1.4 of this thesis, the improvements to be
expected from using a non-ferrous probe are that 1) the probe size could
be increased for measurements at the thigh, waist, etc., or else
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frequencies as high as 450 MHz could be used in measurements at the
ankle, 2) perturbations due to insertion impedance would be decreased,
3) the accuracy would be increased, 4) the cost would be decreased,
and 5) the weight would be decreased.
The challenge in designing a self-contained current meter based
on a non-ferrous current probe is considerably greater than that when a
ferrous probe is used. This difference is due to the following factors; 1) the
non-ferrous current probe has much lower sensitivity so that much greater
amplification is required, 2) the coil winding acts as a balanced source so
that a balun is required to couple it to unbalanced amplifier and
detection circuits, and 3) the coil has a high series resistance (typically 30
kQ) so that the amplifier must be matched to a high source impedance.
The following sections of this thesis address each of these factors and
describe the methods used to produce a final working instrument that is
suitable for use in dosimetry.
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3.2 Balun: Balanced-To-Unbalanced Transformer.
Transmission lines may be characterized as being either balanced
(symmetrical, such as two parallel-conductor line), or unbalanced
(coaxial having both inside and outside parts) (Morrison, 1986). Whenever
balanced and unbalanced devices are connected together it is
necessary to use a BALUN (Balanced to Unbalanced transformer) in order
to prevent currents from flowing on the outside of the unbalanced device
(Balanis, 1982; Kraus, 1988; Shuhao, 1987). For example, when coaxial
cable is connected to a dipole antenna the pattern of the antenna is
changed, shocks may be received when touching the outside of the
coaxial cable during transmission, and excessive interference may occur
during reception. The coil of a non-ferrous current probe acts as a
balanced source, so it is necessary to use a BALUN to couple this coil to
the unbalanced amplifier and detection circuits.
A variety of different designs have been used for baluns (Shuhao,
1987). Most balun designs require that a section of transmission line be a
fixed fraction of a wavelength in length, so they are narrowband devices
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(Woodward, 1953). The bandwidth can be considerably increased by
employing ferrite cores (Motorola, 1991; Ruthroff, 1959; Weeks, 1968).
It was necessary to choose a balun transformer with a ferrite core in
the self-contained current probe because of the requirement for a large
bandwidth. Furthermore, a balun with transmission line for the winding in
place of separate primary and secondary windings (as in a conventional
transformer), was used in order to obtain greater bandwidth by reducing
the stray inductance and winding capacitance. Twisted pair was used in
place of a coax for the winding because this permits a smaller size, and is
appropriate because the singal is small in amplitude and the frequency is
generally below 500 MHz (Hilbers, 1970). A transformation ratio (output
impedance to input impedance) of unity was satisfactory so It was
possible to simplify the construction by using a single winding. This winding
was made of a transmission line formed by twisting a pair of CuEm
(copper enameled) wires of 10 mils diameter, in order to have a
characteristic impedance very close to 50 Q (Hilbers, 1970). The core
used for the balun is ferrite material number 61 (FAIR-RITE Products Corp.,
Wallkill, New York) which has a relative permeability (pr) of 125.
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The inductance of the balun should be large because it determines
the amount of reflection at the low frequency end of the band. The
inductance may be determined by using the following equation:
-2 A
where L is the inductance in Henrys, p.= 4n10-7 Henrys/meter, n is the
number of turns, A is the average ferrite cross section in square meters,
and t is the average length of the lines of force in meters.
If the inductance is too large, then the performance at the high
end of the band is degraded. A good practical value for the inductance
is given by
4-R
L = (2)
Wmin
where R is the midband input resistance in Q (for our case = 50 Q), and Omin
is the minimum frequency in radians per second. Applying this empirical
equation (Hilbers, 1970), the recommended value for the inductance is
0.636 pH. Thus, solving for n in Eq. (1);
Y= o rA (3)
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The ferrite bead of 61-type material used in this balun, has a cross
section of 42*10-7 square meters, and a mean perimeter of 0.00718 meters.
Thus, from Eq. (3),
= 1712.37m-1  (4)A
Substituting into Eq. (3), we obtain the following value for n:
F0.636 - 10-6 1712.37n =j6310-7 127 = 2.63 (5)
so that 3 turns were used for the winding.
The balun was tested in two different configurations. In the first,
which is termed the "transmission line" configuration, the two ends of the
twisted pair are used for the primary and secondary connections,
respectively. In the second configuration, which is termed "conventional
winding", the two ends of one wire are used for the primary connection
and the two ends of the other wire are used for the secondary
connection. In the extreme low frequency limit (DC), the first configuration
provides zero insertion loss and the second has infinite insertion loss. The
insertion loss measured for the balun in the two configurations is shown in
Figs. 6 and 7. The transmission line configuration was found to provide
much less insertion loss, so this configuration was used in the project.
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3.3 Detection Circuit.
Detectors are essentially low sensitivity receivers which function by
rectifying an RF signal by means of a non-linear resistive element - a
diode. Generally, detectors can be classified into two distinct types: the
small-signal type, also known as square-law detectors; and the large-
signal type, also known as linear or peak detectors (Hewlett Packard,
1981).
The small-signal operation of a detector is dependent on the slope
and curvature of the IV (current voltage) characteristics of the diode in
the neighborhood of the bias point. The output of the detector is
proportional to the power input to the diode, that is, the output voltage
(or current) is proportional to the square of the input voltage (or current),
hence the term "square law". The large signal operation of a detector is
dependent on the slope of the IV characteristic in the linear portion, so
the diode functions essentially as a switch. In large signal detection, the
diode conducts over a portion of the input cycle and the output current
of the diode follows the peaks of the input signal waveform with a linear
relationship between the output current and the input voltage.
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The square law dynamic range of a detector is defined as the
difference between the power input for a 1 dB deviation from the ideal
square law response (compression point) and the power input
corresponding to the tangential signal sensitivity (TSS) (Hewlett Packard,
1975). The tangential signal sensitivity (TSS) is a measurement of the ability
of the diode to distinguish a small signal from noise. The name relates to a
type of radar display with the bottom of the signal pulse tangent to the
top of the noise level.
A schottky barrier diode has a metal-semiconductor barrier that is
formed by depositing a metal layer on a semiconductor. The Schottky
diode is more rugged than point contact diodes, and it has better
response than p-n junction diodes at high frequencies because the
response of p-n junction diodes is limited by minority carriers that are not
present in the Schottky diode. Normal operating conditions for the
Schottky detector call for a large load resistance (100 KQ) and a small
bias current (20pA) (Hewlett Packard, 1982). These normal conditions
assure the minimum value of TSS input level (maximum sensitivity), but not
the maximum value of compression level.
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The compression level can be raised by reducingthe value of the
load resistance, RL (Hewlett Packard, 1975). However, the sensitivity
degrades by the factor:
RL (6)
RL+RV
Where Rv is the diode's resistance. This degradation in TSS exceeds the
improvement in compression, so there is no improvement in square law
dynamic range. Another technique for raising the compression level is to
increase the bias current. This also degrades the sensitivity, but the
improvement in compression exceeds this degradation so square law
dynamic range is increased.
Over a wide range of input power level, P, the output voltage, V,
from a diode follows the equation
V = K - (,r (7)
where K and a are constants (Hewlett Packard, 1981). At low levels of
power, from -60 dBm and up to -20 dBm, the value of a is 2. This is the
square law region. When a DC bias current is used (usually a few
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microamperes), then the diode impedance is independent of power
level.
At higher power levels, the diode impedance changes with power.
At these levels, the value of a drops from the original 2, passing through 1
(linear rectification), and going as low as 0.8.
Conventional Schottky detector diodes are tested and specified for
use with 20pA of DC bias. The bias current reduces the junction resistance
so that most of the detected voltage appears across the load resistance.
In some applications the diode is used to monitor power rather than to
detect a low level signal. In this case, the signal level may be high
enough to reduce the junction resistance sufficiently without the use of a
DC bias.
A detector diode may be considered as a voltage source in series
with the diode resistance. The output voltage is taken from a load
resistance in series with the diode. This circuit is a voltage divider. The
detected voltage is divided between the diode and the load. The useful
output voltage is given by
47
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RL
For best performance the ratio of diode resistance to load resistance
should be small (Hewlett Packard, 1982). However, the use of load
resistances greater than 100Kg would significantly increase the response
time of the overall circuit.
The junction resistance may be calculated from the diode equation
( Hewlett Packard, 1982):
I = IS -(e.00 -1) (9)
where V is the voltage across the junction and ks a constant. The inverse
derivative (dV/dl) is the junction resistance, which is given by
0.027R,= (10)1+Is
The constant Is, called saturation current, is about 0.7x10-9 amperes for the
HP 5082-2755 detector diode. With 20pA of DC bias the junction resistance
is 1,350 D. However, at zero bias the resistance is about 40 MQ.
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The following conclusions regarding the use of biased and unbiased
detectors are supported by the data which have been taken with
Schottky diodes (Hewlett Packard, 1975):
1.- A biased Schottky diode with an input power between -60 to -20 dBm
has a square law response given by
Vot=K .f 2=K2(V )2 out 
1 )
With a load of 100 K92, the output voltage ranges from fractions of a
millivolt to as high as 100 mV. In order to use this wide dynamic range, a
high DC gain needed (greater than 200), which requires a low-drift DC
amplifier and a very accurate bias circuit for the Schottky diode. Since
we would like to have an output proportional to the input RF current, then
a "square rooter" circuit (for which the output voltage is proportional to
the square root of the input voltage) must be included in the DC section.
2.- An unbiased Schottky diode has poor sensitivity when the input power
is less than -15 dBm because only the small fraction of the input voltage
that exceeds the diode threshold voltage will appear at the output.
However, with an input power from -15 to +10 dBm, the diode output is
given by
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VK =K3 .Pi =K4 .V.n (12)
Thus, a "square rooter" circuit is not required. Furthermore, for this range
of power, the output voltage across a 100 Kn load is in the range from
tenths of a Volt, to several Volts.
In conclusion, after working with circuits using biased and unbiased
Schottky diodes, it was decided that greater accuracy and stability may
be obtained by amplifying the signal and then detecting it with an
unbiased Schottky diode in the linear region. The challenge in this
approach comes from the fact that considerable amplification is required
to bring a small input signal (typically -40 dBm) to levels as high as 0 dBm.
Amplifiers with such a high gain tend to be unstable due to oscillations
caused by stray feedback. The usual solution is to use tight RF shielding
between sections, or else the more elaborate method of frequency
conversion.
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3.4 RF Preamplifier.
Three separate devices which were built in the research for this
thesis have required the development of RF amplifiers. These include the
preamplifier for use with non-ferrous probes described in Section 2 , the
self-contained low-frequency current meter described in Section 3.1, and
the self-contained high-frequency current meter described in the present
section of this thesis. For this last circuit, an unusually high gain is required
because it is necessary to use an unbiased Schottky diode in its linear
region.
3.4.1 Broadband amplifier using the MWA-120
The balanced input from the high-frequency non-ferrous current
probe, described in Section 3.7, was transformed using a balun similar as
the one described in Section 3.2. A variable attenuator follows, to control
the power level that reach the amplifier chain, and keep them in their
linear region. This attenuator is made with a double-balanced mixer (SBL-
1, MIni-Circuits), controlling the isolation between the RF and LO (local
oscillator) ports. This control is realized by adjusting the current flowing
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through the IF port. At zero current, the mixer shows an isolation of 40 dB
(almost an open circuit), at 0.5 mA the isolation drops to 20 dB, and at
current above 10 mA, the isolation goes down to only 2 dB (almost a short
circuit). After this variable attenuator, two stages of amplifications were
needed using two cascaded MARS-6 MMIC (Section 2), followed by a
hybrid amplifier with a greater output capability. This amplifier is the MWA-
120, with a frequency range up to 700 MHz, Power Gain of 14 dB, and a 1
dB compression point of +8.2 dBm. A circuit was built and tested (Fig. 8),
with the results shown in Figs. 9, 10 and 11. The circuit performance fell
short in dynamic range. To increase it, a discrete broadband amplifier was
finally designed to replace the output hybrid amplifier.
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3.4.2 Broadband amplifier using the BFQ-34T
To increase the output power of the final amplifier, the BFQ-34T
transistor was used in a broadband configuration.
3.4.2.1 Broadband Matching
The design of a broadband RF amplifier is a problem of the power-
gain roll-off respect to frequency. In general, there are four types of
broadband amplifier design techniques:
a) Compensated matching techniques. The compensated
matching technique allows a small mismatch of the input and output
matching networks to compensate for the variations of the forward
transmission parameter of S21 with frequency. This method can be
achieved by using the Smith Chart. By means of a CAD program, the
design process should be much easier.
b) Network synthesis techniques. The intrinsic input and output
impedances of a transistor are measurable and available. To match its
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equivalent R-L-C circuits, a well-known network synthesis method, such as
Butterworth or Chebyshev response, can be used analytically.
The disadvantage of this method is to use lumped elements for matching
purposes.
c) Feedback network techniques. Feedback network is often used
in a broad-band amplifier to provide a flat gain response and to reduce
the input and output VSWR.
d) Balanced-amplifier techniques. A balanced amplifier is also
commonly used to obtain a broadband amplifier with a flat gain and
good input and output VSWR.
In this project, the first method for broadmatching will be used and
explained.
3.4.2.2 Broadband matching using compensated techniques.
- Selection of the active device.
The amplifier design specifications are:
Gain = 12 dB 0.5 dB
P1dB = +15dBm
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Bandwidth= 100 MHz to 500 MHz
The transistor selected is the BFQ-34T, from Philips. It is a NPN transistor in a
plastic SOT-37, intended for wideband applications. The device features
high output power capabilities.
Its quick reference data is as follows:
Collector-base voltage (open emitter) VCBO max 25V
Collector-emitter voltage (open base) VCEO max 18 V
Collector current (d.c.) Ic max 150 mA
Total power dissipation (up to Tamb=450C) Ptot max 1 Watt
D.C. current gain hFE min 25
Ic=1OOmA, Vce=1OV
Transition frequency at f=500 MHz fT typ. 3.7 GHz
Ic=1OOmA; Vce=1OV
Maximum Power Gain at f=300 MHz Gum typ. 19.5 dB
Ic=100mA; Vce=1OV
Output power at 1 dB gain compression PL1 typ. +24 dBm
Ic=l00mA; Vce=10V; f=300MHz
Third Order Intercept Point ITO +43 dBm
Ic=100mA; Vce=10V; f=300MHz
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The manufacturer offers a wide range when describing this transistors with
its S-Parameter. In frequency goes from 40 MHz to 2.0 GHz, and is
subdivided according to the bias condition, which range from 10 mA to as
high as 1OOmA, at Vce=1OV.
Because our application demands portabilty, our detector will be battery-
powered, and we will always fall short in our concern for consumption.
With this in mind, we targetted the specified compression point with the
minimum biased offered, in this case 10 mA at Vce=10V.
The S-Parameters (TOUCHSTONE format) for the BFQ-34T at 10 mA are
offered below:
I BFQ34T10.S2P
I BFQ-34T
I VCE=10V; IC=10mA
# GHZSMAR.50
! S-PARAMETER DATA
0.04 0.79 -45.4 20.9 153 0.03 68.1 0.89 -21.2
0.1 0.66 -98.3 14.2 122.8 0.04 49.5 0.64 -41.2
0.2 0.57 -137.7 8.3 103 0.06 46.5 0.43 -49.9
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0.5 0.58 -178.3 3.6 76.2 0.08 57.1 0.33 -64.5
0.8 0.57 162 2.3 61.2 0.12 67.7 0.36 -80.5
1.0 0.59 150.0 1.9 51.5 0.15 70.1 0.38 -90.4
1.2 0.63 138.5 1.5 45.4 0.18 72.9 0.38 -100.6
1.5 0.61 127.8 1.3 35.7 0.25 72.3 0.43 -115.6
2.0 0.66 101.8 1.0 25.8 0.36 68.1 0.48 -143.1
Where the first column stands for frequency in GHz, the 2nd and 3rd for
the module and angle of S>>, fourth and fifth for S21, sixth and seventh for
S12 (neglectable in our case), and finally the last two columns represent
the module and angle of S22.
3.4.2.3 Stability considerations.
The stability of an amplifier is a very important consideration in a RF circuit
design. The stability can be determined by the S-parameters, the source
and load impedances.
Oscillations are possible in a two-port network if either the input or output
port, or both, have negative resistance or when either Ifin > 1 or
JFouti> 1.
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There are two traditional expressions used when speaking of stability;
conditional and unconditional stability:
_Conditional stability.
A network is conditionally stable if the real part of the input
impedance Zin and the output impedance Zout is greater than zero for
some positive real source and load impedances at a specific frequency.
_ Unconditional stability.
A network is unconditionally stable if the real part of the input
impedance Zin and the output impedance Zout is greater than zero for all
positive real source and load impedances at a specific frequency.
It is important to note that these two conditions apply only at one specific
frequency. The conditions we will now discuss will have to be investigated
at many frequencies to ensure broadband stability.
By definition the reflection coefficient at any point "i" in a
transmission line with a characteristic impedance equal to Zo is defined as
Vreflected Zi - Z0  (13)
Vincident Zi + Zo
Then, by application of this definition, having positive real source
and load impedances implies:
Esand EL l (14)
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When we want to conjugately match the network to the load and
source to achieve maximum transducer gain, the Rollett stabiliy factor or
simply the K factor will give us an indication of unconditional stability if it
happens to be greater than 1.
1 +|ISI1 - S22 - S12 -5211 - IS]112 - IS221K= >1 (15)
2 -|SI1 ' S211
In our design, we will evaluate at three different points, these are:
100MHz, 200 MHz and 500 MHz. Using the S-parameters given by the
manufacturer, and evaluating we obtain:
At 100 MHz: K=0.296
At 200 MHz: K=0.576
At 500 MHz: K=0.987
These results tell us that the device is potentially unstable at these
three frequencies (and probably at frequencies in between), and will
most likely oscillate with certain combinations of source and load
impedance. We then must be extremely careful in choosing source and
load impedances for the transistor. It does not mean that the transistor
can not be used for our application, it merely indicates that the transistor
will be more difficult to use.
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When a transistor is potentially unstable, the source and load
reflection coefficient will have to be confined to safe or stable regions. To
determine these regions, we will calculate the constant gain circle for the
source and load reflection coefficients, needed to comply with the gain
specified. In this sense, we will resume the stability analysis once we have
determined the region of our source and load.
3.4.2.4 Constant-Gain Circles.
Let us now find the input and output matching network such that
provide a constant overall gain between 100 MHz and 500 MHz. The S12I
term of our transistor in this frequency range is not greater than 0.08, then
a significant simplification is made if we neglect this term and assume the
transistor to be unilateral. It is obvious that for Fs = S11* and FL = S 22*, the
power gain Gs or GL is equal to a maximum, respectively. It is also clear
that for IFs = or FL = 1, the power gain Gs or GL has a value of zero. For
any arbitrary value of Gs or GL, between these extremes of zero and
Gsmax or Glmax, solutions for Fs or FL lie on a circle.
For 0<GS <Gsmax(dB)
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1-IrI
gs = 2 (16)
It is convenient to plot these circles on a Smith Chart. The circles
have their centers located somewhere on the vector drawn from the
center of the Smith Chart to the point S11* or S 22*. The distance from the
center of the Smith chart to the center of the constant-gain circle is given
by
gns IS11 2
ds = 42 (7
1-IS11 -'(1- gns)
The radius of the constant-gain circle is expressed by
21- gns - (1-IS11I)
rs = 2 (18)
1- S1Ii -(1- 8ns)
where gn is the normalized value for the gain circle gs or gL, respectively.
That is,
gns = s 8" = s '01 _ n I(9
-smax
where 0 < gns < 1.
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These circles are interpreted as follows: any given matching
network, with its reflection coefficent located right on a constant-gain
circle, will contribute a gain equal to the gain of the circle. Since the
expression for the output gain term has the same form as that for Gs, a
similar set of constan gain circles can be drawn for this term. In our case
we obtain;
For 100 MHz:
1 2 1
GU nax = 2 -S212 2 (20)
1-IS1Ii 1-IS22I
substituing the values:
Gumax=27.83 dB
We also know that the intrinsic gain of the transistor equals:
Gdevrice = 10. 1 ogS 2 1 2
Substituing,
Gdevice=23.05 dB
In essence, an RF amplifier consists of an input matching section, an
active device (feed-back used in applications below 1 GHz) and an
output matching network. The term Gdevice tells us the gain of the active
device when is plugged its input and output ports (base and collector in
our case) directly to 50 Q systems, without any matching at all. However,
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by implementing input and output matching networks, we can control
the overall gain of the amplifier, to fit our needs. In other words, the gain
can be made less, equal or even greater than the intrinsic gain of the
device.
Then we have,
Gumax - Gdevice=27.83 - 23.05=4.78 dB
If instead of dropping the transistor right on 50 Q terminations, we
match its input and output in such a way that the base sees S11* and the
collector sees S22*, then the overall gain would have increased in 4.78 dB
above the intrinsic gain of 23.05. However, we are not interested in such a
high gain, our goal is to achieve a flat response of 12 dB, then the input
and output network will have to act as attenuator. As the frequency
increases, their task will have to change, they will not longer be
attenuators, they will have to contribute gain to the amplifier, again by
doing a better matching at the input and output ports.
As our goal is 12 dB:
12dB - Gdevice = 12 - 23.05 = -11.05 dB
67
The matching network will have to decrease by 11 dB the intrinsic
gain of the device at this frequency, this attenuation has to be shared by
the input and output circuitry. I selected an attenuation of 6 dB (gain = -6
dB) at the input, and a gain = -5 dB at the output, these are the gain
values that we will have to use to get the constant-gain circles.
For the input constant-gain circle at 100 MHz
gsda=-6dB
(:>SdB
gs = 10 10 = 0.251
We also know that,
gnas = gs =gs -0(1-IS12 )=0.141 (21)
gs max
and substituing in the equations for the constant-gain circles we obtain:
I2g- - 1  2ds = =2.71 (22)
1-SM 2(1-g)
and
1 -g ns -(1 -ISli)
r 2 =2.24 (23)
1 -IS~1 -(1-g 6s)
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Where ds is the vector that goes from the center of the Smith Chart to the
center of the circle, with an angle equal to the conjugate of S11, and rs is
the radius of the circle.
Calculating now the constant-gain circle for the output network:
As we said, the gain of this section should be negative, to indicate
attenuation:
gLdB = -5 dB
Converting from gain in dB to unitary gain:
&LiB
gL = 10(10 = 0.316
And normalizing this gain respect its maximum possible gain:
g =Lm- x = gL ( 221 I0.186 (24)g L max
Applying the formulas for the constant-gain circle;
d L g S2 2 = 0.179 (25)
1 -IS22I 20 9L
1 g -(1-IS22I )L=2=078(6
1 -IS22I -(1- gn)
At 200 MHz we have:
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And its intrinsic gain at this frequency is:
Gdevice =10 - log1S2 1 2
Gdevice = 10 - log(3.6) 2
Gdevice = 11.12 dB
Let us remember that we need 12 dB of gain, then;
12dB - Gdevice = 12 - 11.12 = 0.88 dB
The gain of our matching network should be around 1 dB, being
positive, instead of an attenuation we do need gain. This could be
confussing, because the network is conformed of passive (ideally lossless)
elements, and is demanded to "amplify". This "amplification" is actually
achieved by improving the natural input or output reflection coefficients,
offered by the manufacturer in the S-paramaters set of data. The input
network was selected to have 1 dB of gain, and 0 dB for the output
network,
gsdB = 1 dB
Referred to the unitary gain;
gSdB
gs =10 10 = 1.259
We also know that,
____ 2
gns = = gs -(1- S1  )= 0.835 (33)
s7max
7 2
and substituing in the equations for the constant-gain circles we obtain:
ds = "S2 (- 0.513 (34)
1 -SI '- -gns)
and
VI - gns -(1 -ISlll)
rs = 2 = 0.285 (35)
1-ISll ' -(1- gns)
Referring to the constant-gain equations for the load, it should
havea gain of zero dB,
gLdB =0 dB
Converting from gain in dB to unitary gain:
L AB
gL = 10 10 =1.0
And normalizing this gain respect its maximum possible gain:
g gL L2gnL = L=-gL'(0-S2 I = 0.891 (36)g L max
Applying the formulas for the constant-gain circle;
d nL ' S 22 2dL = = 0.298 (37)
1 -|S22I 2 ~ gnL)
rL= 2 =) 0.298 (38)
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At this point, we have already determined the regions in which our
source and load reflection coefficients should be. At the begining of this
chapter, the K factor was determined, giving values below one for the
whole frequency range. But will this K factor be something determinant, or
on the other hand, might be giving a false indication of instability for the
locus of reflection coefficients previously calculated? To answer to this
question I will use an alternative K factor, which is presented in a technical
paper by A.J. Slobodnik, Jr. and R.T. Webster, in Microwave Journal,
February 1994.
3.4.2.5 Alternative Stability Factor for Amplifier Design.
This alternative K factor, KA , provides a definitive indication of
stability and permits the design engineer to concentrate stability circle
investigations on those frequency ranges where further insight is needed.
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Stability Circle \
Constant-
Gain
Fig. 11.1 Constant-Gain and Stability circles.
Fig. 11.1 shows a Smith Chart and source plane stability circle as an
example, including the source reflection coefficient with uncertainty
radius SS and other parameters of interest. For simplicity purposes, it is
assumed temporarily that the stable region is outside of the stability circle.
The vector to the center point of the stability circle is given by
CS = 2 S 1  (39)
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And the radius of the stability circle by
RS = S12 S2 1 (40)
JA 12 _ S11
where
A = S-S22 - S12 -S21 (41)
For this circuit to be stable, the source reflection coefficient F, with
any associated uncertainty S5, must lie outside the circle. From
straightforward geometric considerations, it can be seen that this
condition is met if the magnitude of the difference vector between Cs
and 15 is greater than Rs plus 5.
This is,
CS - Fs > RS +6s ,(42)
With this in mind, the input alternative stability factor can be defined
as
Ka (Cs - rEsKAs R-(43)
- R +5S)
The exponent Ps is introduced to account for the general case
where either the outside or the inside of the stability circle corresponds to
the stable region. Ps is determined by computing
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S 12 'S21'LP (44)
FOUT =322+ 1
-S11 'LP
where
FLP = a test point chosen inside the stability circle.
If lFouT >1, then following definition of a stability circle, the outside
of the circle is the stable region. Ps = +1 is then used. Otherwise, if
IrouTJ <1, the inside of the circle is the stable region and Ps = -1 is used.
The output alternative stability factor KAL is determined in a similar manner.
A definitive indication of stability is then provided as for KAS > 1 and KAL > 1,
the network is stable under the given source and load conditions, and for
KAS < 1 or KAL < 1 the network is unstable. These conditions correspond as
much as possible to those of the traditional stability factor, preserving the
intuitive analysis of a given design.
3.4.2.6 Application of the Alternative K factor in our design.
We already know the region in which our source and load
impedance will move in order to achieve the gain targetted. The
procedure that follows is divided in:
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1.- Determine the source and load stability circles.
2.- Apply the alternative K factor, and see which frequency is
conditionally stable. Determine whether is because of the input or output,
or both.
3.- Plot in the Smith Chart the stability circles for those frequencies which
are prone to oscillation (alternative K factor less than 1). In the same
chart, draw the constant-gain circles and see the region in which they
overlap. This zone is unstable, and we will try to stay out of it, when
matching our device.
3.4.2.7 Determining the source stability circles.
At f=100 MHz:
The center of the source stability circle is defined by the vector CS:
CS =S2 2 .A*-S =-1.413+j2.304 (45)
IOI2 _ 
IS l2
where
=2.703
C(angle) =121.51*
And the radius of the stability circle is given by:
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RS = 12 =2.233 (46)
IAI2 2 S1112
At f=200 MHz:
The center of the source stability circle is located at:
CS = 2' - =-2.257+jl.588 (47)
|AI2 
_ II1I
where
ISI=2.76
Qs(angle) =144.870
And the radius of the stability circle is given by:
RS = S12 ' S21 =2.06 (48)
IAI2 |S 12
At f=500 MHz:
The center of the source stability circle is located at:
-- S 22 -.A* - S*
CS = 2 =_1.881+j0.138 (49)JAI2 -_ S 1 2
where
ICS=1.886
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Cs(angle) =175.810
And the radius of the stability circle is given by:
RS = S12 'S21 =0.892 (50)
IA !2  _ 
5)2
3.4.2.8 Determining the load stability circles.
At f=100 MHz:
The center of the load stability circle is defined by the vector CL:
CL = SAl20-S 2 2 =1.207+j2.683 (51)
|AI2 - IS222
where
ICLI = 2.942
CL (angle) = 65.770
And the radius of the stability circle is given by:
RL 12 ' 21 =2.487 (52)
IA 2 - IS 2 2 I 2
At f=200 MHz:
The center of the load stability circle at 200 MHz is located at:
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C= S= A ~ S 22 =2.66+j4.85 (53)
lAl2 - IS22 2
where
ICLI = 5.533
CL(angle) =61.220
And the radius of the stability circle is given by:
RL - 12 ' S21 =4.897 (54)
Al1 2 - I222
At f=500 MHz:
The center of the load stability at 500 MHz is given by:
-L = S 1 1 ' A -S 22 =2.154+j3.387 (55)
Al2 -IS 22 I
2
where
C- =4.014
CL (angle) =57.540
And the radius of the stability circle is given by:
RL = S12 S21 2 =3.024 (56)
|1 2 - IS22 I 4
Applying now the alternative stability factor:
Let us remember that the K factor has already been calculated for
the three frequencies under study, and has always been less than 1, an
indication of conditional stability. With the following procedure we will try
to discard those frequencies in which our source and load reflection
coefficients do not conflict with the unstable zones, and we will only have
to plot those which overlap. We should first find a testing point within the
stability circle, and determine if it causes the input or output reflection
coefficient to be greater than 1. If such is the case, then the region
confined within the stability circle is said to be unstable. To find this point, I
will consider the fact that at these three frequencies:
0s|- RS <1
and
- RL < 1
Which means that both the source and load stability circle at these three
frequencies extends, at least a portion, within the normal Smith Chart.
Because of this, then it is simple to find a point which will belong to both
the stability circle and the normal Smith Chart.
For the Source, this point is given by:
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sP = - (57)
And is shown in Fig. 11.2:
C----- --------
Fig. 11.2 Test point within the Stability circle.
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The same consideration will be applied for the test point in the load.
Finally, going for the calculation for the source:
At f=100 MHz:
The test point is given by:
CSP = =-0.523+j0.853
IsI
And this source reflection coefficient will cause the output reflection
coefficient have a magnitude of:
OUT = S22 + Si12 S21 r1SP = 1.84 (58)
As rOUTJ > 1, then the inside of the Stability Circle defines the locus
of unstable points. Following the convention for the alternative K factor;
PS =1
We now make FSP = as and 6 s = rs, where as is the vector that
goes from the center of the Smith Chart, with and angle equal to the
conjugate of S,, to the center of the source constant-gain circle, and rs is
its radius. These two values have already been determined. We are now
ready to apply the formula for KAS, at 100 MHz:
84
- Ps
KA _ (Cs - rSPK RAs s + s =0.896 (59)
For f=200 MHz:
The test point is given by:
FsP = =-0.818+j0.575C~sI
And this source reflection coefficient will cause the output reflection
coefficient have a magnitude of:
IFoUT = 22 + S 2 1 r 1.559 (60)1- S 1 1 -FsP
As OUTI > 1, then,
PS =1
Making rsP = ds and Ss =rs
Then at 200 MHz:
__TCS - rSP 
IP
K lcR + rSPs =0.972 (61)
At 500 MHz:
The test point at 500 MHz is given by:
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csrSP -  =-0.997+jO.073
And this source reflection coefficient will cause the output reflection
coefficient have a magnitude of:
ouT = S22 + S12 =S21 rSP 1.01 (62)
-S 11. SP
As 1OUTI > 1, then,
Ps =1
Making rSP = is and 6 s = rs,
Then at 500 MHz:
Cs - SP 
(Ps
KAS Rs + 8s =1.13 (63)
Calculation for the load KAL:
For f=100 MHz:
The test point at 100 MHz is given by:
FLP = -0.41+j0.912
I LI
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And this source reflection coefficient will cause the output reflection
coefficient have a magnitude of:
I'N J=S11+ S 12  S21 LP 1.801 (64)i~22 *LP
As INI> 1, then,
PS =1
Making FLP = dL and 6 L = rL, where dL and rL are the position vector
and radius of the load constant-gain circle respectively.
Then at 100 MHz:
I CL - rLPI)PSK = L - ' L =0.866 (65)
For f=200 MHz:
The test point at 200 MHz is given by:
FLP CL0.481+jO.876
1CLI
And this source reflection coefficient will cause the output reflection
coefficient have a magnitude of:
I 5 L= S11 + =1.421 (66)
87
As IgN > 1, then,
PS=1
Making rLP = dL and 6L = rL,
Where dL and rL are the position vector and radius of the load constant-
gain circle respectively.
Then at 200 MHz:
IC L - rLP Il 
Ps
KAL L - L =0.952 (67)
And finally for f=500 MHz:
The test point at 500 MHz is given by:
FLP - ~0.537+j0.844
1 LI
And this source reflection coefficient will cause the output reflection
coefficient have a magnitude of:
IN S11 + SLP =1.006 (68)
22 FLP
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As FIN > 1 , then,
PS=1
Making FLP = dL and 6 L = rL, where dL and rL are the position vector
and radius of the load constant-gain circle respectively.
Then at 500 MHz:
CL - rPs(
KAL, RL + bL =109()
These parameters are presented in Table 1.
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By examining Table 1, the alternative K factor is greater than one
only at 500 MHz, for both the source and load networks. Then, we will not
need to plot the stability circles for 500 MHz, because they do not overlap
at this frequency with the source and load constant-gain circles.
However, the stability circles will have to be plotted for 100 and 200 MHz,
at the same time the matching is performed, to avoid the unstable
regions at these frequencies.
3.4.2.9 Impedance Matching
Because of the ease with which series and shunt components can
be added in ladder-type arrangements on the Smith Chart, while easily
keeping track of the impedance as seen at the input terminals of the
structure, the chart seems to be an excellent candidate for an
impedance-matching tool. The idea here is simple. Given a load
impedance and given the impedance that the soruce would like to see,
simply plot the load impedance and, then begin adding series and shunt
elements on the chart until the desired impedance is achieved.
On the chart, the impedance coordinates provide a visual
indication of what occurs when a series reactance is added to an
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impedance, and the admittance coordinates will tell us what happens
when a shunt element is added to an admittance. The following
equations will have to be used when working with the Smith Chart;
For a series-C componet:
C= 1
For a series-L component:
X-N
L=
For a shunt-C component:
B
C=(N
For a shunt-L component:
N
Lo(- B
Where B is the susceptance, co is the frequency in radians per second and
N normalizes the reference impedance of the chart (equal to 50 when
normalizing to 50 Q).
We have two ports (base and collector) to be matched at three
different frequencies. In these cases, the use of the classical Smith chart is
possible, but extremely tedious and eventually might lead us to errors,
because of the constant renormalizations needed when changing
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frequencies, and it gets even harder when transmission lines of different
characteristic impedances are used, because impedance
renormalizations are needed too. Because of all this, I resorted to an
impedance matching program freely distributed by MOTOROLA, its name
is MIMP. This program provides a simple environment for entering and
analyzing impedance matching circutry. Its main features are:
a) The Smith chart can be instantly renormalized to any characteristic
impedance. All impedances (with interconnecting arcs) are automatically
recalculated and redisplayed.
b) There is an option for overlaying constant Return Loss circles for any
complex source impedance.
c) Multiple transmission line transformations (each with different
characteristic impedances) are displayed simultaneously and in exact
graphical elationships to each other.
d) A tabular impedance display is provided to view the impedance at
any node.
e) Constant 'Q' arcs can be added to the Smith Chart.
f) Real time changes in the impedance transformation are displayed
while individual circuit elements are tuned. This utility is provided to
perform manual circuit optimization.
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LOA=50 OHM
SOURCE=50 OHM L3 L4 C70F-34'11'Y~i 1Y~
CN Li L2
CC7 
-7- C _- C & 
RL
Rs C C2 C3 -_
Fig. 11.3 Input and output networks.
By means of this program I found the following components values
to comply with the restrictions imposed by the constant-gain and stability
circles at the three frequencies studied. The schematic is shown in Fig.
11.3.
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Their values are presented below:
L1=10 nH
L2=6 nH
L3=15 nH
L4=14.6 nH
C1=25 pF
C2=36 pF
C3=53 pF
C4=10 pF
C5=20 pF
C6=7 pF
C7=47 pF
The input capacitor CIN, is included in the circuit with the only
purpose to block the DC, and its value is large enough (1000 pF) to
represent a small reactance (much smaller than 50 Q), even at the lowest
frequency of opperation (100 MHz). The input matching transformations,
at each frequency, and plotted along with the constant-gain and
stability circles are presented in Figs. 12, 13 and 14.
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Fig. 12 Input Matching at 100 MHz, showing the Stability
and Constant-Gain circles.
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1.0
Fig. 13 Input Matching at 200 MHz, showing the Stability
and Constant-Gaing circles.
97
0.2 5.0
1 dB
Gain Circle
C
Z. = 50 Ohms|
0 0.2 0.5 1.0 2.0 5.0
0.2 C1 5.0
0.5 2.0
1.0
Fig. 14 Input Matching at 500 MHz showing the Constant-Gain Circles. The Stability
circle is not plotted because KAS is greater than 1.
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At this stage of the design, I had two option to follow; work-bench
testing, or computer optimization. Before going to the bench, I went a
step further in the circuit analysis by using the linear simulation program
TOUCHSTONE, Ver. 1.7. The program listing is given below, as presented in
its original version, without optimization;
!BROADBAND AMPLIFIER DESIGN
!DEVICE USED: BFQ-34T, BIASED AT 10V, lOmA.
!GAIN=12dB, BANDWIDTH=100MHz TO 500MHz
DIM
FREQ MHZ
RES OH
IND NH
CAP PF
LNG MIL
TIME PS
COND /OH
ANG DEG
VAR
L1# 1 1030
L2# 1 6 30
L3# 1 15 30
L4# 1 14.630
C1# 1 25 50
C2# 1 36 50
C3# 1 53 100
C4# 1 10 50
C5# 1 20 50
C6# 1 7 50
C7# 1 47 100
EQN
99
CKT
CAP 1 0 CAC
IND 1 2 LALl
CAP 2 0 CAC2
IND23 LAL2
CAP 3 0 CAC3
S2PA 3 4 0 C:\AA\BFQ34T10.S2P
CAP 4 0 CAC4
IND45 L^L3
CAP 5 0 CACS
IND 5 6 LAL4
CAP 60 CAC6
CAP 6 7 CAC7
DEF2P 1 7 BFQ34AMP
TERM
Z0=50
PROC
OUT
BFQ34AMP DB[S21] GR1
FREQ
SWEEP 40 500 10
GRID
RANGE 100 500 25
GRi 0202
OPT
RANGE 100 500
BFQ34AMP DB[S21]=12
100
The plot of S21 against frequency is given in Fig. 15, in which we see
that it moves around 12 dB, but with great deviation for frequencies in-
between. This ripple in S21 will be smoothed once we apply the
optimization routine offered by TOUCHSTONE.
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3.4.2.10 Optimization of the original design.
After running the optimization routine in TOUCHSTONE, I found the
following values for the matching networks:
L1=21.12 nH
L2=7.31 nH
L3=24.31 nH
L4=14.42 nH
C1=12.36 pF
C2=23.96 pF
C3=69.30 pF
C4=3.78 pF
C5=1.53 pF
C6=1.04 pF
C7=12.15 pF
These values were later tested on the Smith chart, and clearly fit outside
the Stability circles. The optimized program listing is given below:
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!BROADBAND AMPLIFIER DESIGN
!DEVICE USED: BFQ-34T, BIASED AT 10V, lOmA.
!GAIN=12dB, BANDWIDTH=100MHz TO 500MHz
DIM
FREQ MHZ
RES OH
IND NH
CAP PF
LNG MIL
TIME PS
COND /OH
ANG DEG
VAR
L1# 1 21.12640 30
L2# 1 7.31554 30
L3# 1 24.31199 30
L4# 1 14.42339 30
C1# 1 12.36280 50
C2# 1 23.96571 50
C3# 1 69.30901 100
C4# 1 3.78284 50
C5# 1 1.53108 50
C6# 1 1.04698 50
C7# 1 12.15977 100
EQN
CKT
CAP 1 0 CACI
IND 1 2 LALI
CAP 20 CAC2
IND23 LAL2
CAP 3 0 CAC3
S2PA 3 4 0 C:\AA\BFQ34T1O.S2P
CAP 40 CAC4
IND 4 5 L^L3
CAP 5 0 CAC5
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IND 5 6 LAL4
CAP 6 0 CAC6
CAP 6 7 CAC7
DEF2P 1 7 BFQ34AMP
TERM
ZO=50
PROC
OUT
BFQ34AMP DB[S21] GR1
FREQ
SWEEP 40 500 10
GRID
RANGE 100 500 25
GRi 0202
OPT
RANGE 100 500
BFQ34AMP DB[S21]=12
The optimized plot of S21 against frequency is given in Fig. 16:
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3.4.2.11 Work-bench test of the amplifier.
A circuit was implemented with the optimized values offered by
TOUCHSTONE. The circuit worked from the beginning, with no oscillation
present. However, a peaking at 120 MHz and a roll-off at frequencies
above 400 MHz was evident, so I had to trim some values to achieve the
flatness needed.
The final capacitor values are presented below. The values for the
inductors were measured in the laboratory using a Q meter type 190-A
from Boonton Radio Corporation.
Li=29 nH
L2=10 nH
L3=20 nH
L4=20 nH
C1= 10 pF
C2= 22 pF
C3= 47 pF
C4= 4.3 pF
C5=.5pF
C6= 2.0 pF
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C7= 12 pF
Looking for higher compresion point, the bias was increased to 30 mA,
and the circuit amplified linearly up to +14 dBm. After sweeping the
circuit, the curve of the measured S21 is given in Fig 17.
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3.5 DC Amplifier and Readout Circuitry.
A DC amplifier with a gain of 20 was built to amplifiy the DC voltage
rectified by the Schottky diode. As a requirement, a peak detector with a
large time constant follows to hold the maximum value read in an
interval. The time constant is limited only by the current leakage of the
tantalum capacitor C 16 , the reverse current of D2, and the high but finite
input impedance of U3a. By means of the switch Si, the hold state is
activated or not. As the operational amplifier, the TL074 was selected due
to its JFET (high impedance) inputs.
3.6 Description of the Completed Circuit.
The whole circuit is now completely defined; a ferrite balun in a
transmission line configuration is at the input, followed by a DC-controlled
attenuator (SBL-1), two stages of small-signal amplification using MARS-6,
one stage of low-power RF amplification using the BFQ-34T transistor
(replaced the MWA-120), a Schottky diode (5082-2811) as a detector, a
DC amplifier with a peak and hold detector, and finally the Liquid Crystal
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Readout. The schematic of the final circuit is contained in Fig. 18. The
calibrations for the final circuit appear In Figs. 19 to 25.
The response using the MWA-120 hybrid amplifier at 465 is shown in
Figs. 19, 20 and 21. The response at 155 MHz appears in Fig. 23, while finally
a measurement was done looking for its maximum frequency, found to
be at 600 MHz, and Fig. 22 depects it.
The response using the BFG-34T transistor is shown in Figs. 24 and 25.
It demonstrates its higher output capability and slight less gain. No
measurment was done at 600 MHz because it is considerably greater than
its cut-off frequency.
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3.7 Mechanical Design.
The current probe is built in two halves that are hinged so it may be
opened and closed like a clamp-on amp meter. At the hinge points
where the two halves meet the coil winding is extended using a flexible
piece of wire. At the other points the two windings are interconnected
using F-connectors. In Fig. 26 appears the RF current meter.
The resistive winding was made using 100 Q 1/8 Watt metallic thin
film resistors soldered in series. Metallic thin film resistors were chosen for
maximum reliability at high frequencies, and resistors with the minimum
available wattage were chosen to minimize the size. In previous non-
ferrous current probes the resistive winding has been made using either 1)
discrete resistors soldered in series, 2) carbon loaded plastic, or 3) Chromel
resistance wire (Hagmann et a., 1993).
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3.8 Calibration Fixtures.
Calibration is essential for ferrous current probes. However,
measurements with non-ferrous current probes (Hagmann et a., 1993)
have shown that the transfer impedance is typically within 4 % of the
value that is calculated from theory. The errors are only appreciable at
frequencies near the upper limit for which the non-ferrous probes are
rated. However, a calibration fixture is useful for verifying the sensitivity of
the non-ferrous probes, and is also needed in order to determine the
response of these probes for frequencies near the upper limit where the
low-frequency analysis based on Faraday's law of induction is not
appropriate.
The standard practice in testing commercial ferrous current probes
(Radmacher, 1990) is to place a probe inside of a shielded coaxial test
fixture which is designed so that a known current may be passed through
the probe aperture. These test fixtures, which are coaxial TEM cells, consist
of a metal box in which the probe is placed, and a center conductor that
passes through the probe aperture. The radius of the center conductor is
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chosen (ideally 0.434 times the mean radius of the box) such that the test
fixture has a characteristic impedance of approximately 50 Q for a low
VSWR. A signal generator and a 50 Q dummy load are connected to the
fixture, and the voltage across the load is measured in order to determine
the current. The arrangement for this is shown in Fig. 27.
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Due to the larger size of some of the non-ferrous current probes, it is
not possible for box-type fixtures to simultaneously provide 1) a large
enough center conductor for an impedance of 50 fl, and 2) a large
enough box so that less than one-third of the cross-section is filled by the
probe to limit field perturbations. For this reason, a new type of test fixture
was developed (Hagmann et a/., 1993) in which a center conductor and
the inner surface of the probe shield constitute a coaxial TEM cell. Each
of these fixtures has two flat metal plates with a coaxial connector at the
center, and a metal cylinder between the pins of the two connectors.
The plates are placed on the top and base of the probe so that the
cylinder and the shield of the probe form a coaxial transmission line. The
radius of the metal cylinder is chosen so that the probe-containing fixture
has a characteristic impedance of 50 Q. The VSWR is typically less than 1.1
over the usable frequency range for the probe. This design also permits
testing at higher frequencies because the higher-order modes which
disrupt TEM performance have greater cutoff frequencies due to the
reduction in size by not using a box.
An improved version of the latter test fixture design was used in the
measurements for this thesis. In this device, the two plates are made
125
concave in order to shorten the length of the center conductor. Thus,
due to the decreased length of the test fixture, it is not necessary to have
an impedance match, so the diameter of the center conductor is not
critical. Again, the VSWR is typically less than 1.1 over the usable
frequency range for the probe.
The precision required in assembling the test fixture decreases at
lower frequencies. For example, the need for closing the ends of the test
fixture by metal plates decreases, and we have found that the plates are
not required at all for frequencies on the order of 1 MHz or less. Others
have also used both open and closed test fixtures at different frequencies
(Blackwell, 1990).
4. Conclusions.
The research done for this thesis has resulted in solution of the
problem for the thesis as it was stated in section 1.6 The problem to be
solved was that of developing a means for reducing or eliminating the
effects of cable pickup so that non-ferrous current probes may be used as
dosimeters in order to determine the current induced in humans exposed
to electromagnetic fields. The first approach that was taken in order to
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accomplish this task was the development of a preamplifier to be
attached to a non-ferrous current probe in order to provide sufficient
amplification so that the amplified signal exceeds the errors added due
to cable pickup. The second approach was the development of a self-
contained device that amplifies and detects the output from a non-
ferrous current probe and provides an indication of the current with a
readout device such as a digital meter. Both of these approaches have
been followed successfully.
The IEEE guidelines for human exposure (IEEE, 1992) specify upper
limits for the RF currents induced in humans. Current values are only
specified at the point of contact between the feet and ground, and at
the point of contact between the hands and various objects.
Furthermore, the current values are only specified at frequencies up to
100 MHz. It appears that the reason that there is no specification limiting
the current values at various points within the human body (instead of
only at points of contact) and at frequencies above 100 MHz, is due to a
lack of suitable instrumentation for making such measurements. The
work done for this thesis has resulted in several new instruments that
extend the ability to measure RF currents in human dosimetry and other
applications.
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The specific accomplishments of the research for this thesis are as
follows:
1. A preamplifier was developed that may be attached directly to a non-
ferrous current probe in order to provide sufficient amplification so that
the amplified signal exceeds the errors added to the signal due to cable
pickup. This instrument was tested successfully in measurements with
human subjects exposed to RF fields in an anechoic chamber at Brooks Air
Force Base. A description of the instrument and the measurements is
contained in section 2.
2. A self-contained current meter for use at frequencies from 300 kHz to 70
MHz was constructed by making a battery-powered amplifier and
detection circuit with an analog panel meter that is connected directly to
a ferrous current probe. This instrument was tested successfully in
measurements with human subjects at an AM radio station. A description
of the instrument and the measurements is contained in section 3.1 and
Appendix Ill.
3. A self-contained current meter for use at frequencies up to 600 MHz
was constructed which can be used as a clamp-on meter and detect
currents as low as 8 mA. The final circuit uses a RF mixer as a variable
attenuator in order to increase the dynamic range, two Monolithic
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Microwave Integrated Circuits (MMIC) for preamplification, a final
broadband amplifier to raise the output compression point, a Schottky
diode detector, a sample and hold circuit, and a liquid crystal digital
panel meter. A description of this instrument is contained in section 3 of
this thesis.
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Appendix I
Analysis for Ferrous Current Probes
Figure A.1 shows a ferrous toroidal core having a length c, a cross-
sectional area A, and a permeability p, that surrounds a wire filament
carrying a current I. A coil of N turns which is wound on the core has an
output voltage of V. The magnetic flux must be a constant throughout
the full length of the core. Therefore, since the cross-sectional area is
constant, and the permeability is constant, the magnitude of the
magnetic field intensity H must also be a constant throughout the full
length of the core. Thus, Ampere's law requires that the magnetic field
intensity H = I/ c, regardless of the position of the wire, as long as the
wire is contained within the aperture of the probe. Therefore, the
magnetic flux 4 = pAI/c. At relatively low frequencies, when the length c
<< X, Faraday's law of induction requires that the output voltage V =
(pNA/c) dI/dt. Therefore, the ferrous current probe will act as a
transformer with a mutual impedance equal to pNA/c. For a sinusoidal
current with angular frequency o radians/second, the transfer impedance
defined by ZT= V/ I is given by
ZT 
=
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Fig. A.1 Analysis of a ferrous probe.
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Appendix II
Analysis for Non-Ferrous Current Probes
Figure A.2 shows a coil of N turns that is wound evenly over the full
length of a non-ferrous toroidal core having a cross-sectional area A. The
toroid surrounds a wire filament carrying a current I. The outer and inner
surfaces of the toroid are represented by two circles, and an increment of
winding has been shaded. In the triangle shown in Fig. A.2, the distance
from the center of the toroid to the current filament is d, and the
distances from the center of the increment of winding to the center of
the toroid and the current filament are r and s, respectively.
It may be shown from trigonometry that
d2 2e
Cosa= 1- 2 (1)
and also that
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Fig. A.2 Analysis of a non-ferrous probe
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s2 = r2 + d2 - 2rdcos9 (2)
From Eqs. (1) and (2),
s cosa = r- d cosO (3)
From Eqs. (2) and (3),
cosa r - d cos
s r 2 -2rd cosO+ d 2
The value of the magnetic field intensity normal to the increment of
winding is given by
I -cosca
H a= I a(5)
From Eqs. (4) and (5),
I rI-Idcos (6)
n 2n r2 - 2rd cos1+ d2
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For a coil with small cross-section A << r2, at relatively low frequencies
when the radius r << X, Faraday's Law of induction may be used with Eq.
(6) to obtain the following expression for the voltage induced on the
increment of winding:
o r - dcos0 2 *A dI 7
27t r 2 - 2rdcos0+ d2 dt
where dn is the (fractional number of turns on the increment of winding.
Thus, the total potential induced in the coil is given by
V -poNA dI f2< r- dcos6V - d '221 (8)(27r)2 dt r2 -2rd cos6+d2
Rearranging terms in Eq. (8),
Sd____ dI d- cosO d
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The integral in (9) has the value of 1 for d < r, 1/2 for d = r, and 0 for d > r
(Grobner et a., 1966). Thus, there is no output when the current-carrying
element is outside of the aperture, and when the current is located
anywhere within the aperture, the output is given by
V pNA dIV = c - (10)
where c = 2nr is the circumference of the coil (the total length of the
winding). But Eq. (10) is exactly the expression derived in Appendix I for a
current probe with a ferrous core, but with p replaced by po.
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Appendix Ill
Report of Measurements at an AM Radio Station
On July 25, 1994 Dr. David Conover and Dr. Gene Moss of NIOSH,
Charles Langford of OSHA, and Dr. Mark J. Hagmann and George
Cabrera of Florida International University visited an AM radio station that
will be unnamed for legal reasons. The Station Manager, Chief Engineer,
and a consultant from Jules Cohen & Associates in Washington, D. C.
were also present during the measurements. This visit was precipitated by
complaints of the personnel at that facility which alleged that they had
various physiological effects which they associated with exposure to
intense RF fields.
Measurements of body current were made using an Eaton model
94606-2 ferrous current probe having a measured transfer impedance of
1.0 Q 20 % in the frequency range from 300 kHz to 70 MHz. While we
prefer to use our non-ferrous current probes, a ferrous current probe was
required for this application in order to have adequate sensitivity at the
sub-MHz frequency of the AM radio station. The current probe acts as a
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transformer, so that when the toroid is placed around a current-carrying
member such as the arm or leg, an output of 1 Volt is generated for each
Ampere of current (transfer impedance of 1 Q). Readout from the probe
was accomplished using a battery-powered amplifier and detection
circuit with a panel meter that is housed in a small shielded box.
The total measurement system was calibrated immediately after
the measurements, at the frequency of the AM transmitter. A signal
generator set for an output of -30 dBm and connected to a 50 Q dummy
load was used as the current source (0.1414 mA rms) for calibration. This
source gave readings of 135, 35 and 9 units on the 0-150 panel meter
using the three sensitivity settings for the circuit. Fixed coaxial attenuators
were connected between the current probe and the readout box when
necessary in order to increase the dynamic range for the measurements.
The following data were reduced on the basis of this calibration.
Tall male subject with back near the wall, touching column near the
center of the second floor of the station (apparently the worst case for
the subject on this floor of the building), shoulder 5 mA, ankle 2 mA.
Female subject touching the same column, shoulder 3 mA, ankle 4 mA.
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Tall male subject in maintenance area by window (apparently the worst
case for the subject in this room), shoulder 0.3 mA.
Tall male subject in the garage, touching the vertical door track
(apparently the worst case for the subject in this room), shoulder 3 mA.
Tall male subject outside the building, in the parking lot by a car
(apparently the worst case for the subject immediately outside the
building), shoulder 3 mA.
Tall male subject outside the building, touching the door in a fence
surrounding the front antenna (apparently the worst case for the subject,
as close as he can get to this antenna), shoulder 12 mA.
Tall male subject outside the building, touching a fence surrounding the
rear antenna (apparently the worst case for the subject, as close as he
can get to this antenna), shoulder 14 mA.
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The maximum current measured at the station was 14 mA, and the
maximum current measured in building, in any of the areas where the
complaints had been made, was 5 mA. At no time did any current cause
pain or other sensation. The IEEE guidelines for human exposure at the
frequency of the station give a MPE (maximum permitted exposure) for
the current through either foot or had of 45 mA for uncontrolled
environments, and 100 mA for controlled environments.
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Apendix IV
NETWORK CHARACTERIZATION
A two-port device (Fig. A.3) can be described by a number of
parameter sets. The most common systems are the H, Y and Z-parameter
sets. All of these network parameters relate total voltages and total
currents at each of the two ports. Below are presented these input and
output total voltages and currents, and how they are treated as
dependent or independent variables, according to the parameter set
used.
Ii 12
+ 2-PORT +
NETWORK V2
Fig.A.3 Characterization of a two-port network
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H-Parameters: VI = h 1 I 1 + h12 - V2
(1)
I2 = h21 i+h 22 V2
Y-Parameters: I = Yii VI + Y12 - V2
(2)
2 =Y21 VI+Y22 V2
Z-Parameters: VI = Z1 -I1 + Z1 12
(3)
V2 =z 2 1 'I1+Z 2 2 *'2
The only difference in the parameter sets is the choice of
independent and dependent variables. The parameters are the
constants used to relate these variables. However, in high frequency
systems, voltage, current and power can be considered to be in the form
of waves traveling in both directions along a transmission line. A portion of
163
the waves incident on the load will be reflected. It then becomes
incident on the source, and in turn re-reflects from the source (if Zs#Zo),
resulting in a standing wave on the line. Under this conditions, the value of
the total voltage at any given point along the length of a transmission line
is the sum of the incident and reflected waves at that point;
Vt = Einc + Ecfl (4)
The total current on the line is the difference between the incident and
reflected voltage waves divided by the characteristic impedance of the
line;
Eine - Emf
It = Z (5)
SCATTERING PARAMETERS
By using these traveling waves as our variables, a new high
frequency 2-Port Network can be implemented, as in Fig. A.4;
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NETWORK
En -> Ei2
En <-- -- > E
Fig. A.4 Traveling Waves in a two-port network
By looking at E,2, we see that it is made up of that portion of Ei2
reflected from the output port of the network as well as that portion of Eil
that is transmitted through the network. Each of the other waves are
similarly made up of a combination of two waves.
Let us now find a parameter set that relates these four traveling
waves. This set will be named S-Parameter or Scattering Parameter set.
We will use the H-Parameter set to derive our new relationship. While the
derivation will be made for two-port networks, it is applicable for n-ports
as well. Recalling that the H-parameters set are:
V1 = h-I + h12 - V2
(6)
I2 = h21I1 + h22 V2
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Let us now find the total voltages and currents in Fig. A.4, by means of
their corresponding traveling waves:
Vi = Eii+ Er V2 = Ei2 + Er2  (7)
lEii-Eri E2=Ei2 -Er 2  (8)11= Zo
By substituting these expressions for total voltage and total currrent
into The H-parameter set, and arranging the equations such that the
incident traveling voltage waves are the independent variables; and the
reflected traveling voltage waves are the dependent variables, we get;
Erl = f11(h)- Eil + f12 (h)- Ei2
(9)
Er2 = f 2 1(h) - Eil + f22(h) - Ei2
The functions fi1, f21 and fi2, f22 represent a new set of network
parameters, relating traveling voltage waves rather than total voltages
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and total currents. Again, these functions were obtained by using the H-
Parameters, but they could have been derived from any other parameter
set. Now, if we divide both sides of these equations by 4Z , the
relationship will not change. But we will obtain new variables, these are:
E; E;2
a = a2 = (10)
Erl Er2
1 - (11)
As the square of these new variables has the dimension of power,
then ;
=lncident power on port 1
b 2=Reflected power from port 1
The same meaning will have the variables of port 2. And these new waves
can be called traveling power waves rather than traveling voltage
waves. Finally, we present the S-Parameter set of equations:
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b1 = S11 -al +S 1 2 -a2
(12)
b2 = S 2 1 - a + S22 - a 2
and Fig. A.5 shows how they relate in a 2-Port network:
2-PORT
NETWORK
ai -> a2
bi <- -- > b 2
Fig. 3 Dependent and independent variables
when using the S-parameters
TRANSDUCER POWER GAIN
The transducer power gain is defined as the power delivered to the
load divided by the power available from the source.
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GT_ PIS 212 (1 -- s (1 - LI 2)G' e- = 2 (13)Ias(1-_ S11 - s' (1- S22 ' FL) - S21 ' S12 r L rSI
Let us consinder the network to be unilateral (S21 ~ 0), the previous
expression is simplified to:
(1- \s ) 2 (1-IL 2 )
Gl- = 2 'SIS2 F1 L2  (14)
Where the mid term is related to the transistor used. This term will remain as
a constant as long as the transistor and its bias condition are not
changed. The other two terms, however, are not only related to the
remaining S-parameters of the two-port device, Sl 1 and S22, but also to
the source and load reflection coefficients. By means of these two
quantities we will be able to control the gain in the design of the
amplifier.
Because of all this, the unilateral transducer power gain is made up
of three distinct and independent terms. These are:
GW = GS - Go -GL (15)
169
or
GWU(dB)= Gs(dB)+ GO(dB)+ GL(dB) (16)
where:
(1j-F5 2 )
G s = 2 (17)
sG o = IS2 1 (18)
(1- FL)
GL =
1-S 2 2  (19)
The Gs term affects the degree of mismatch between the
characteristic impedance of the source Zo(usually 50 or 75 ohms) and the
input reflection coefficient of the two-port device. Even though the Gs
block is made up of passive components, it can have a gain contribution
greater than unity. This is true because an intrinsic mismatch loss exists
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between Zo and S 11, and the impedance transforming elements can be
employed to improve this match, thus decreasing the mismatch loss, and
in this sense, can be thought of as providing gain. The Go term is related
only to the transistor used and its bias conditions. The GL term has the
same meaning as the G5, but applied to the output.
This expression for GTU will have a maximum when the source and
load reflection coefficients are chosen such that:
Fs = Sil* and FL = S22 (20)
Under these optimum conditions, we obtain:
1 2 1
GUimiax = 2 ' S 2 1  ' 2 (21)
1-|Sl 1-522
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